Background
==========

Diabetic nephropathy (DN), as a severe complication of diabetes, has become a lethal cause of end-stage renal disease, with undefined etiology and limited treatment options \[[@b1-medscimonit-24-1724],[@b2-medscimonit-24-1724]\]. Previous studies have shown that the pathological characteristics of DN are glomerular basement membrane thickening, extracellular matrix accumulation, glomerular sclerosis, renal tubular atrophy, and renal interstitial fibrosis \[[@b3-medscimonit-24-1724],[@b4-medscimonit-24-1724]\]. Moreover, studies *in vivo* have provided evidence that podocytes are functionally and structurally injured in the early stage. Podocytes are terminal differentiation of glomerular epithelial cells attached on the outside of the GBM and are an important part of glomerular filtration units. Podocytes-related proteins (nephrin and podocin) are important proteins of the slit diaphragm, with anti-apoptotic signaling properties, which are down-regulated by hyperglycemia \[[@b5-medscimonit-24-1724]\]. Proteinuria is a terminal consequence of injury of podocytes. The loss of nephrin and podocin lead to foot process effacement of podocytes and increased proteinuria. Wnt/β-catenin signaling is activated in glomerular podocytes in a wide variety of proteinuric kidney diseases \[[@b6-medscimonit-24-1724]\]. The signaling transduction cascade controls many physiological activities and underlies a wide range of kidney pathologies. Studies have confirmed a role for Wnt/β-catenin signaling in mediating podocyte dysfunction and proteinuria \[[@b7-medscimonit-24-1724]\].

The arrestin family includes 2 classes: the visual arrestins (arrestin 1/4) are located in photoreceptor cells, and the non-visual arrestins (arrestin 2/3, also named β-arrestins 1/2) are distributed ubiquitously \[[@b8-medscimonit-24-1724],[@b9-medscimonit-24-1724]\]. The sequences are highly conserved between different species, and β-arrestins 1/2 proteins are very similar \[[@b10-medscimonit-24-1724]\]. β-arrestins 1/2 (*Arrbs*) were originally identified as negative adaptors of G protein-coupled receptors (GPCRs) \[[@b11-medscimonit-24-1724]\]. GPCRs are a large membrane proteins family involved in a variety of physiological functions, including neurotransmission, secretion, and immunity \[[@b12-medscimonit-24-1724],[@b13-medscimonit-24-1724]\]. GPCR activation is facilitated by many of extracellular ligands \[[@b14-medscimonit-24-1724]\].

There is scant literature on the potential mechanism of β-arrestins on the regulation of podocyte apoptosis. The present study used comprehensive detection technologies to elucidate the role of β-arrestin 1/2 on podocyte apoptosis through Wnt/β-catenin signaling pathway and explored new therapeutic targets for diabetic nephropathy.

Material and Methods
====================

Conditionally immortalized mouse podocytes culture
--------------------------------------------------

Conditionally immortalized mouse podocytes were purchased from the Institute of Basic Medical Sciences of the Chinese Academy of Medical Sciences (Cell Resource Center of Peking Union Medical College, Beijing, China). The cell line was located in glomerular H-2Kb-tsA58 transgenic mice with SV40-T antigen. The cells were cultured in RPMI 1640 medium containing 10% FBS and 70 U/ml penicillin-streptomycin (Gibco, Grand Island, NY, USA). Then, 50 U/ml recombinant mouse γ-interferon was added to induce the promoter and synthesis, conditionally immortalizing tsA58 T antigen. The cells were digested by trypsin and filtered by sieve 5 days later. The undifferentiated cells were replated in DMEM culture medium at permissive conditions containing 10% FBS, 10 U/ml γ-interferon, 100 U/ml penicillin, 100 μg/ml streptomycin, 33°C, and 5% CO~2~. After 6 generations, the cells were induced to differentiate at nonpermissive conditions containing 10% FBS, 10 U/ml γ-interferon, 100 U/ml penicillin, 100 μg/ml streptomycin, 37°C, and 5% CO~2~ without γ-interferon.

β-arrestin 1/2 down-regulated and up-regulated expression
---------------------------------------------------------

Lipofectamine plus (Invitrogen, Carlsbad, CA, USA) was applied to transfect podocytes. The cells were planked with lower 90% cell density in the normal culture medium without antibiotic. Lipofectamine plus 1 ug was diluted by 50 ul serum-free RPMI 1640 and incubated at room temperature for 5 min. Plasmids were mixed with the solution and incubated for 30 min at room temperature. Afterwards, the mixture was incubated in 12-well plates for 24 h (37°C, 5% CO~2~). There was no need to eliminate the reagents after transfection. shRNA-β-arrestins-1 (Biosune, Shanghai, China) sequences were: forward, 5′-AAAGC CTTCTGTGCT GAGAAC-3′. shRNA-β-arrestins-2 (Biosune, Shanghai, China) sequences were: forward, 5′-AAGGACCGGAAAGTGTTCGTG-3′. β-arrestins 1/2 overexpression plasmid was transfected to upregulate the β-arrestins 1/2 expression. The grouping includes normal control group, scramble group, shRNA-β-arrestins 1/2 group, and β-arrestins 1/2 overexpression group.

Western blotting analysis
-------------------------

Podocytes were split with RIPA lysis solution (100 ul, including 1 mmol/L PMSF). The liquid was transferred into a clean EP tube by Eppendorf and split on ice for 15 min. Then, the EP tube was centrifuged 12 000 rpm for 10 min. Primary antibodies (1: 1000, Abcam, Cambridge, MA, USA) were diluted to test the β-arrestins-1 and β-arrestins-2. β-actin acted as the internal reference. Blocking buffer was prepared with TBST and 5% fat-free milk. The PVDF membrane was blocked in blocking buffer for 1 h on a shaking table at room temperature. Primary antibodies were diluted by 2% fat-free milk. The PVDF membrane was incubated in the diluted primary antibodies at 4°C overnight. The PVDF membrane was washed with TBST 3 times for 10 min. Then, the PVDF membrane was diluted in secondary antibody (Abcam, USA, rabbit, 1: 1000) at 4°C overnight. After that, the PVDF membrane was washed again with TBST 3 times for 10 min. The PVDF membrane was displayed by use of the Gel Doc XR+ imaging system (Bio-Rad, Hercules, CA, USA).

Real-time quantitative PCR (RT-qPCR)
------------------------------------

Total RNA was extracted from the nutrient solution with Trizol reagent (Invitrogen, Carlsbad, CA, USA). The RNA concentration was identified by ultraviolet spectrophotometer. The OD value at 260--280 nm was measured and the appropriate value was 1.8--2.0, which demonstrated that the purity and concentration of RNA samples were up to standard. The reverse transcription reaction total system was 20 μl (containing 1000 ng RNA). The preliminary primers were synthesized (Sangon biotech, Shanghai, China). The PCR primer pairs were: β-arrestins-1: forward: 5′-ACCTTTGAGATCCCGCCAAA-3′, reverse: 5′-CAGGGGCATACTGAACCTTC-3′; β-arrestins-2: forward: 5′-GGAGTAGACTTTGAGATTCGAGC-3′, reverse: 5′-CTTTCTGAT GATAAGCCGCACA-3′. β-actin, forward: 5′-GGCTGTATTCCCCT CCATCG-3′, reverse: 5′-CCAGTTGGTAACAATGCCATGT-3′. The PCR reaction condition was: pre-denaturation was at 95°C for 5 min and following by at 95°C for 30 s, 59°C for 30 s, 72°C for 30 s, and a final elongation step at 72°C for 10 min. The amplification was 40 cycles. The internal reference was β-actin and the relative expression levels were expressed relative to it, which was calculated with the 2^−ΔΔCt^ method.

Flow cytometry
--------------

Nutrient solution was added into EP tubes and centrifuged at 1000 rpm for 10 min. After discarding the supernatant, the precipitate was washed in PBS 3 times. Then, the cells were added with slight pancreatin and digested in an incubator at 37°C for 10 min. Centrifugation as above one was carried 1 more time. The cell sediment was suspended with 250 μl buffer and filtered by 200-mesh nylon net. We added 5 μl FITC into a flow tube and incubated it 10 min. Next, 10 μl PI and 400 μl buffer were added. Finally, the apoptosis was detected by flow cytometry (Becton, Dickinson, and Company, NY, USA).

Statistical analysis
--------------------

Data are expressed as a mean ± standard deviation. Experiments were carried out at least in triplicate. The differences between and within multiple groups were analyzed by one-way ANOVA or Student's t test. *P*\<0.05 was considered to be statistically significant.

Results
=======

The expression of β-arrestin 1/2 in podocytes
---------------------------------------------

Stable down-regulated and up-regulated expression of β-arrestin 1/2 was established by plasmid transfection. The protein levels were detected with Western blotting and expression of mRNA was detected with RT-qPCR. [Figure 1A](#f1-medscimonit-24-1724){ref-type="fig"} shows the mRNA expression of β-arrestin 1/2 in each group. [Figure 1B and 1C](#f1-medscimonit-24-1724){ref-type="fig"} shows β-arrestin 1/2 protein expression. The above results illustrate that lipofectamine transfection successfully built an overexpression or lower-expression model.

β-arrestin 1/2 promote podocyte apoptosis and p53 pathway
---------------------------------------------------------

To delineate the molecular mechanism of β-arrestin 1/2 in podocyte apoptosis, we detected the Bcl-2, Bax, cleaved Caspase-3, total p53 protein, and phosphorylation of p53 (p-p53) levels. [Figure 2A and 2B](#f2-medscimonit-24-1724){ref-type="fig"} show the Bax protein level was increased in the scramble and up-regulated groups. Inversely, Bcl-2 level was inhibited by up-regulated expression of β-arrestin 1/2. [Figure 2C and 2D](#f2-medscimonit-24-1724){ref-type="fig"} show that p-p53 level induced by high glucose increased obviously, especially in the β-arrestin 1/2 up-regulated group. These results indicate that β-arrestin 1/2 promotes podocyte apoptosis and p53 pathway.

The podocin and nephrin expression of podocytes
-----------------------------------------------

Nephrin and podocin existed on slit diaphragms of podocytes. Research has shown that nephrin and podocin protein levels are decreased in a high-glucose environment. Our study explored the interaction of β-arrestins and nephrin and podocin. [Figure 3A](#f3-medscimonit-24-1724){ref-type="fig"} shows the mRNA expression of nephrin and podocin. [Figure 3B](#f3-medscimonit-24-1724){ref-type="fig"} shows the protein expression of nephrin and podocin. Our study indicates that β-arrestin 1/2 overexpression suppresses the expression of nephrin and podocin.

β-arrestin 1/2 activates the Wnt/β-catenin pathway
--------------------------------------------------

β-catenin grew in quantity when the Wnt/β-catenin pathway was activated. The protein level of β-catenin was detected by Western blotting. [Figure 4A and 4B](#f4-medscimonit-24-1724){ref-type="fig"} show the β-catenin protein level in podocytes. The accumulated β-catenin protein in each group revealed that the Wnt/β-catenin pathway was observably activated in the β-arrestin 1/2 up-regulated group compared with scramble and down-regulated group.

β-arrestin 1/2 aggravate podocyte apoptosis detected by flow cytometry
----------------------------------------------------------------------

To examine the role of β-arrestin 1/2 in podocyte apoptosis through Wnt/β-catenin pathway, apoptotic cells were examined by flow cytometry according to the manufacturer's instructions (BD Biosciences, USA). [Figure 5A and 5B](#f5-medscimonit-24-1724){ref-type="fig"} show apoptotic cells in the β-arrestin 1 group, and [Figure 5C and 5D](#f5-medscimonit-24-1724){ref-type="fig"} show apoptotic cells in the β-arrestin 2 group. The results show that high-glucose-induced podocytes exhibited a significant increase in apoptotic cells as compared with normal-glucose-induced podocytes. The apoptosis was ameliorated as the inhibitor of the Wnt/β-catenin pathway (Dkk1) was applied. Furthermore, these above data suggest that β-arrestin 1/2 aggravates high-glucose-induced podocytes apoptosis through the Wnt/β-catenin pathway.

Discussion
==========

β-arrestins are multifaceted proteins which play a critical role in inhibiting GPCR signaling by inducing its desensitization and internalization, and activating signaling pathways \[[@b15-medscimonit-24-1724]\]. There has been evidence that β-arrestins participate in the pathological development of DN \[[@b16-medscimonit-24-1724]--[@b18-medscimonit-24-1724]\]. Podocytes, a key component of nephrons, are susceptible to various maladaptive or catastrophic responses such as glomerular injuries and hyperglycemia. Research on podocytes has been a focus of therapeutic options for DN \[[@b19-medscimonit-24-1724]\]. Furthermore, podocytes, which are highly specialized and terminally differentiated, are critical a component of the kidney glomerular filtration barrier.

In our study, overexpression or underexpression models were built successfully by lipofectamine transfection. The expression of β-arrestin-1 and β-arrestin-2 were up-regulated in podocytes induced by high glucose ([Figure 1](#f1-medscimonit-24-1724){ref-type="fig"}). To study the apoptotic effect of β-arrestin 1/2 on podocytes, our study detected the levels of Bcl-2, Bax, p53, and p-p53. The results indicated that β-arrestin 1/2 promote podocyte apoptosis and p53 pathway ([Figure 2](#f2-medscimonit-24-1724){ref-type="fig"}). In the present study, we found that up-regulated β-arrestin 1/2 clearly promotes podocyte apoptosis. The underlining mechanisms need to explored in further experiments. Nephrin and podocin are components of glomerular slit diaphragm and single transmembrane spanning receptor, which play an important role in maintaining normal glomerular filtration function. In a first step, we were able to demonstrate expression of β-arrestin 1/2 in podocytes. To further investigate the possible interaction of β-arrestin 1/2 with nephrin and podocin, we detected the expression of nephrin and podocin. The above-mentioned expression was suppressed by β-arrestin 1/2 overexpression ([Figure 3](#f3-medscimonit-24-1724){ref-type="fig"}). The interaction of β-arrestin 1/2 and nephrin and podocin imply that there are deeper bonds within them \[[@b20-medscimonit-24-1724]\]. One of the capable mechanism is that up-regulated β-arrestin 1/2 activates the Wnt/β-catenin signaling pathway and impairs the podocytes.

β-catenin, is a key transcriptional regulator essential for kidney development, whose activity is largely silenced in mature stage \[[@b21-medscimonit-24-1724]\]. The Wnt/β-catenin signaling transduction cascade controls many physiological activities and underlies a wide range of kidney pathologies. Wnt/β-catenin signaling is activated in glomerular podocytes in a wide variety of proteinuric kidney diseases \[[@b22-medscimonit-24-1724],[@b23-medscimonit-24-1724]\]. In our study, the expression of β-catenin was increased observably in the β-arrestin 1/2 up-regulated group ([Figure 4](#f4-medscimonit-24-1724){ref-type="fig"}). The elevation of β-catenin concentration indicates that the canonical Wnt/β-catenin pathway is activated. Accordingly, the apoptosis was ameliorated when the inhibitor of the Wnt/β-catenin pathway (Dkk1) was applied ([Figure 5](#f5-medscimonit-24-1724){ref-type="fig"}). Furthermore, the data imply that β-arrestin 1/2 aggravate high-glucose-induced podocytes apoptosis through the Wnt/β-catenin pathway.

A series of studies have proved that activation of the Wnt/β-catenin signaling pathway is closely correlated to fibrosis of liver, lung, and kidney. Tan et al. (2013) \[[@b24-medscimonit-24-1724]\] identified a signaling cascade by which β-catenin takes part in podocyte injury with endothelin antagonism. Quack et al. (2006) \[[@b25-medscimonit-24-1724]\] indicated that β-arrestin2 induces nephrin endocytosis and attenuates nephrin signaling, as well as impairing slit diaphragm integrity. Bryja et al. (2007) \[[@b26-medscimonit-24-1724]\] have reported that beta-arrestin is a necessary component for Wnt/beta-catenin signaling, linking Dvl and axin, and open a vast array of signaling avenues and possibilities for cross-talk with other beta-arrestin-dependent signaling pathways. Zhou et al. (2015) \[[@b27-medscimonit-24-1724]\] state that Wnt/β-catenin controls the expression of several key mediators, including Snail1 and matrix metalloproteinase, and targeted inhibition of Wnt/β-catenin signaling by a variety of approaches preserves podocyte integrity, reduces proteinuria, and ameliorates kidney damage. Zhou et al. (2015) \[[@b28-medscimonit-24-1724]\] reported that β-catenin specifically targets WT1 for ubiquitin-mediated degradation, leading to podocyte dedifferentiation and mesenchymal transition.

Conclusions
===========

Our present study investigated the interaction mechanism between β-arrestin 1/2 and downstream protein of the Wnt/β-catenin signaling pathway. In further research, we will investigate the potential intrinsic mechanism. This study demonstrates a significant effect of β-arrestin 1/2 on apoptosis of podocytes through the Wnt/β-catenin signaling pathway, which should be explored in greater depth.
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![Plasmid transfection accommodated the expression of β-arrestin 1/2. (**A**) mRNA expression was detected by RT-qPCR. (**B**) The Western blotting of β-arrestin 1/2 protein. (**C**) β-arrestin 1/2 protein relative quantitative. Data represent means ±SD. \* *P*\<0.05, \*\* *P*\<0.01 compared with scramble group. Down-reg represents down-regulation, up-reg represents up-regulation, HG represents high glucose.](medscimonit-24-1724-g001){#f1-medscimonit-24-1724}

![Effect of β-arrestin 1/2 on apoptosis and p53 pathway. (**A**) Western blotting analysis of Bcl-2, Bax, and cleaved casapse-3 protein levels in different groups. (**B**) Quantitative protein levels of Bcl-2, Bax, and cleaved casapse-3. (**C**) Western blotting analysis of p-p53 and total p53 protein levels in different groups. (**D**) Quantitative protein levels of p-p53 and p53. Data represent means ±SD. \*^\#&^ *P*\<0.05, \*\* *P*\<0.01 compared with scramble group.](medscimonit-24-1724-g002){#f2-medscimonit-24-1724}

![Expression of nephrin and podocin was detected by Western blotting and RT-qPCR. (**A**) Expression of nephrin and podocin mRNA was detected by RT-qPCR. (**B**) Western blotting of nephrin and podocin protein. (**C**) The nephrin and podocin protein relative quantities. ^\#^\* *P*\<0.05, ^\#\#^\*\* *P*\<0.01 compared with scramble group. β-arrestin 1/2 down/up represents β-arrestin 1/2 down-regulated/up-regulated expression.](medscimonit-24-1724-g003){#f3-medscimonit-24-1724}

![β-catenin expression level in β-arrestin 1/2 up-regulated and down-regulated group. (**A**) Western blotting analysis of β-catenin protein levels in different groups. (**B**) Quantitative protein levels of β-catenin. Data represent means ±SD. \**P*\<0.05 compared with scramble group.](medscimonit-24-1724-g004){#f4-medscimonit-24-1724}

![Flow cytometry was used to detect the effect of β-arrestin 1/2 on apoptosis. (**A**) Podocytes were stained with FITV A/PE-A for flow cytometry analysis. Apoptotic cells in β-arrestin 1 group were divided into 2 stages (early apoptotic and late apoptotic cells). (**B**) The total apoptosis rates in the β-arrestin 1 group were examined by flow cytometry, including the early and late apoptosis rates. (**C**) Apoptotic cells in the β-arrestin 2 group were detected by FITV A/PE-A staining. (**D**) The total apoptosis rates in β-arrestin 2 group. Data represent means ±SD. \* *P*\<0.05, \*\* *P*\<0.01 compared with scramble group. β-a-1/2-down/up+Dkk1 represents β-arrestin 1/2-down-regulated/up-regulated + Dkk1.](medscimonit-24-1724-g005){#f5-medscimonit-24-1724}
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